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ABSTRACT 
Partial discharges (PD) measurement is a well-known technique for judgment of the 
condition of power transformer offline. Phase-resolved PD measurement is a 
normalized technique for PD tests, but noise, especially by PD-measurements onsite is 
sometimes difficult to reject, and a post-processing of a pattern is necessary to separate 
different sources. Higher-frequency-detection devices and processing strategies are 
useful for PD classification and identification. Recently, ultra-high-frequency (UHF) 
detection by means of antennas has been shown to be a promising detection system for 
both offline and online PD-measurements. However, it is necessary to assess whether 
PD source separation and classification is possible by means of pulse analysis because 
some additional UHF noise sources are coupled to the detected signals, and it is not 
clear whether different sources produce different pulses. In this study, the attenuation 
effect of the metallic tank of a power transformer on the inner PD activity when 
measured outside the tank was studied. Additionally, experiments were conducted to 
detect and characterize two different PD sources (internal and external discharges) 
using two antennas measuring the same phenomenon inside and outside of a 
transformer. It will also be shown that broadband UHF signals are useful for PD 
recognition and that a deep study of frequencies below 500 MHz can separate PD 
occurring inside from those occurring outside when measured with an antenna outside 
the tank. 
 Index Terms —UHF measurements, partial discharges, shielding, antennas. 
1  INTRODUCTION
 PARTIAL discharge is a phenomenon that may take place at 
nominal voltage in the weak region of the insulating system. 
Partial discharge encapsulates ionization processes that occur 
on a microscopic scale inside dielectric materials, where 
electric-field exceeds the inception voltage of the specific 
insulating material (for example, air voids inside solid/liquid 
materials, sharp electrodes, etc.). However, these processes do 
not provoke imminent insulation failure; they degrade the 
insulation bulk where they arise as a consequence of physical 
and chemical attacks on the solid/liquid material surrounding 
areas of the PD-source [1], [2]. 
Oil-paper insulation systems found in power transformers 
are also affected by this phenomenon [3], [4], and discharges 
degrade these materials even at rated voltages if PD-source is 
permanently active during the operation [5]. Thus, the 
detection of PD activity has become an important qualifying 
test for these insulation systems, whose evolution with time 
can help in the predictive maintenance of these important 
assets of the power grid [6]. 
Normalized PD measurements have been conducted 
by means of capacitive-resistive dividers connected in 
parallel to 
insulation systems. Phase-resolved-partial-discharge (PRPD) 
patterns have been used for years as the classical 
representation of PD activity useful in recognizing PD sources 
[7]. However, in real insulation systems, several PD sources 
can be simultaneously active and not all of them are equally 
damaging to the dielectric material. Moreover, electrical noise 
is usually present when measuring PD activity in power 
transformers (especially onsite); thus the identification of PD 
sources is a challenge when taking PD measurements. For 
these reasons, broadband detection by means of high-
frequency current transformers (HFCT) and signal processing 
in high-frequency and very high-frequency (HF/VHF) ranges 
have been used to detect, separate and classify PD sources [8], 
[9]. 
As an alternative to these electrical measurements, non-
contact techniques featuring, for example, electro-acoustic 
detection systems have also been tested. These sensors are able 
to locate PD sources, measuring the time of flight of acoustic 
pressure waves propagating through oil. Additionally, these 
measurements are less sensitive to electrical noise [10], [11]. 
Despite these advantages, these sensors cannot detect internal 
PD sites whose acoustic waves must pass through solid 
insulation systems and are less sensitive than electrical sensors 
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Figure 1. Layout of the setup used to measure internal PD and surface PD with the two antennas. 
[10]. As in most acoustic techniques, UHF measurements 
taken by means of antennas have no galvanic connection to 
transformer terminals, enabling PD location, and are 
appropriate for on-line monitoring, exhibiting higher 
sensitivity than the former [10], [12], [13]. However, 
different noise sources are present in this frequency range 
(TV, FM Radio, GSM/GPRS, Wi-Fi, etc.), and PD 
identification by means of pulse analysis is still a trending 
research topic [14], [15]. Thus, one of the challenges faced 
when studying UHF pulses is the possibility of separating 
different sources because external at transformer bushings 
and oil-paper internal discharges inside a transformer tank 
can occur simultaneously. Dielectric windows in 
transformers, lid layer adjustment and bushing insulation, 
may allow radiation to pass inside or outside the tank so an 
antenna could measure both emissions, being internal 
discharges more difficult to avoid and, thus, more 
dangerous. Identifying these discharges would greatly 
improve the predictive maintenance of transformers. 
In this paper, the shielding effect of a transformer tank 
on internal PD pulses created in an oil-paper insulation 
system is analyzed. Pulse spectra are statistically analyzed 
with respect to measurements made inside and outside the 
transformer tank. Internal discharges produced in the oil-
paper insulation are measured with an antenna inside the 
tank and compared to the same discharges measured outside 
the tank studying their spectra. Surface discharges are 
measured with the antenna outside the tank, and their 
spectra are further characterized to identify and separate 
inner and outer sources. 
2  MEASUREMENT SETUP 
The measurement setup consists of two test objects 
designed to create stable PD activity, a steel tank to model 
an oil transformer frame and two monopole antennas. One 
of the monopoles is located inside the tank at a distance of 
0.3 m from the test object, whereas the other is placed at the 
same distance but outside the tank. A simplified layout of 
the setup is shown in Figure 1. 
2.1 TEST OBJECT A 
The first test object is a vessel with two electrodes 
immersed in transformer oil and separated by 5 sheets of 
transformer paper. The middle sheet was pierced with a 
needle to create a small hole measuring 1 mm in diameter to 
guarantee that there is a weak spot where internal PD can 
occur at relatively low voltages. The sheets of paper where 
impregnated in transformer oil for more than 100 hours to 
ensure that most of air voids were filled and all discharges 
were of the same type. This test object is placed inside the 
tank. One of the electrodes is connected to ground and the 
other to high voltage through a rod that passes through the 
tank top lid. 
2.2 TEST OBJECT B 
The second test object is a sharp needle pressing 5 
sheets of transformer paper without piercing them. The 
paper is on a plane electrode connected to ground. This 
object creates surface discharges perpendicular to the 
electrical field, as those that can occur in the transformer 
bushings. Test object B is located on the tank and is 
equidistant to the two monopoles. 
2.3 TANK 
The steel tank shown in Figure 2 was built with panels 
that are 5 mm thick, as in many high-voltage transformers. 
This thickness is appropriate to reproduce the same 
attenuation effects of the electromagnetic radiation emitted 
from inside. The top lid has two accesses separated by 0.3 
m to connect the high-voltage source to test object A and 
one of the monopole antennas. These holes measure 30 mm 
in diameter so as to fit a Teflon hollow cylinder that 
insulates the tank, which is connected to ground, from the 
high-voltage rod. Finally, a cork layer is used as a 
mechanical adjustment between the tank and lid, as in many 
real transformers; thus, the insulating Teflon cylinder for 
the high-voltage terminals and the cork layer act as 
dielectric windows for internal UHF signals. 
The model of the tank is a simplification of a real 
transformer tank. The absence of three-phase windings and 
columns is not critical because we are measuring the 
attenuation effect and comparing signals measured inside 
and outside the tank for an invariant inner geometry, which 
leads to interesting results regarding PD-source separation.  
2.4 MONOPOLE ANTENNAS 
The monopole antennas are made of two 0.1 m copper 
wires [16], both soldered to two BNC female connectors 

























Figure 2. Tank dimensions, in mm. 
antennas were connected directly to the 50 Ω input of a 
Tektronix DPO 7254 oscilloscope. 
An antenna was placed inside the tank like in [16]. This 
antenna is located at a distance of 0.3 m from test object A, 
and the other was placed outside the tank at the same 
distance to have the same time delay for the pulses. To 
verify that the measurements read by this last antenna were 
actually an electromagnetic radiation from the PD inside the 
tank, the antenna was separated 5 m from the source and a 
delay of 17 ns was observed using this experiment setup. 
When using test object B, the antenna outside the tank is 
also located 0.3 m from the object to be consistent with the 
first experiment. 
2.5 HIGH-VOLTAGE SOURCE AND ACQUISITION 
SYSTEM 
The high-voltage source is a Schleich BV 702210 
transformer with a GLP1-e HV control module. Its output is 
connected to a 100 kV, 1 nF coupling capacitor in parallel 
with the test objects. The PD are also measured with a high-
frequency current transformer (HFCT) connected to the 
ground wire from the capacitor. This HFCT measures the 
conducted HF signal produced by the partial discharge [17], 
and it is used to synchronize the radiated UHF signals 
measured by the antennas when necessary. The output of 
the HFCT and the antennas are connected to a Tektronix 
DPO 7254 which acquires the signals at 5 GS/s. 
Additionally, a Techimp PDCheck acquisition system was 
used to detect conventional PRPD patterns from both test 
objects to corroborate internal and surface PD activity 
before acquiring UHF signals. 
3 MEASUREMENTS 
3.1 PARTIAL DISCHARGES IN OIL 
The first set of measurements is aimed at comparing the 
internal PD in oil measured inside the tank to the same 
pulses measured outside the tank. Test object A is 
connected to the high-voltage transformer, and the voltage 
is increased until a stable activity of PD is achieved at 2150 
V. Then, at least 10 minutes are allowed to elapse to ensure 
that the activity is stable during the acquisition. The signals 
in the time domain, acquired in 1 µs frames, are as shown in 
Figure 3. Notice that the UHF signals measured outside the 
tank are remarkably smaller than inside and not as fast as 
the pulses obtained with the antenna inside. PD is a 
stochastic phenomenon whose characteristics depend on 
environmental conditions, applied voltage, the availability 
of free electrons and the location of the PD-source 
regarding the connection to the electrode. Thus, PD pulse 
analysis requires several measurements at the same applied 
voltage. To quantify the differences between the signals 
acquired with the monopoles, a set of 1000 pulses for each 
antenna was obtained, applying a higher voltage of 5800 V 
to test object A to generate larger signals. The FFT with a 
rectangular window was calculated for all of the pulses; 
each frequency component was scaled to represent the root 
mean square and squared to calculate the power of the 
signal, (1), where Sn is the power spectrum at frequency n 








S =   
 
(1) 
Figure 3. Partial discharge signals in paper impregnated with oil. The 
upper signal corresponds to the HFCT and has a scale of 400 mV/div. The 
middle pulses are for the antenna inside the tank and have a scale of 90 
mV/div. Finally, the lower pulses are for the antenna outside the tank and 
have a scale of 7 mV/div. 
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Figure 4. Averaged power spectrum for 1000 signals at 5800 V measured 
with the antenna inside the tank for test object A. 
Figure 5. Power per 250 MHz frequency bands of the signals obtained 
with the antenna inside the tank and average power in those bands for test 
object A. 
Figure 6. Power percentage per 250 MHz frequency bands of the signals 
obtained with the antenna inside the tank and average percentage power in 
those bands for test object A. 
Figure 4 shows the averaged power spectrum for 1000 
PD at 5800 V acquired with the antenna inside the tank. 
Figure 5 shows the cumulative power in bands of 250 
MHz for every signal and the average power in those bands 
calculated using (2), where fL and fH are the lower and upper 




















Notice that the dispersion of the power in the bands 
from 1.5 GHz to 1.75 GHz and from 1.75 GHz to 2 GHz is 
quite large. This is due to the fact that the signals captured 
Figure 7. Power per 250 MHz frequency bands of the signals obtained 
with the antenna outside the tank and average power in those bands for test 
object A. 
Figure 8. Power percentage per 250 MHz frequency bands of the signals 
obtained with the antenna outside the tank and average percentage power 
in those bands for test object A. 
by the antenna were very high, exceeding a peak of 5 V and 
saturating the oscilloscope, forcing us to set a low trigger to 
visualize lower signals. This low trigger is less selective, 
and signals with very disperse powers were acquired as 
expected from internal PD [1], [3]. Figure 6 shows the 
percentage of power in bands of 250 MHz, demonstrating 
that almost 80% of the power in these signals is between 
1.25 GHz and 2 GHz. This band of frequencies depends on 
the geometric characteristics of the tank since reflections 
inside it are directly related to resonances affecting the 
original PD emission as explained in Section 4. 
Figures 7 and 8 illustrate the results obtained with the 
antenna outside the tank. Notice that the power of the signal 
is shifted to lower frequencies, which can also be derived 
from the signals in Figure 3. The tank filters out frequencies 
in all the studied band since the total average power of the 
signals outside the tank is below 2·10-6 V2, while the total 
average power for the signals inside the tank is near 10-4 V2. 
The band from 1.25 GHz to 2 GHz is now negligible 
because the reflections are confined inside the tank and do 
not leak outside. A problem might arise when measuring 
signals outside the tank because their 
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Figure 9. Electromagnetic spectrum outside the tank without PD activity. 
Figure 10. Average power per 250 MHz frequency bands for 7 sets of 
1000 signals from the antenna inside the tank for test object A. 
Figure 11. Average power per 250 MHz frequency bands for 7 sets of 
1000 signals from the antenna outside the tank for test object A. 
higher-energy frequency band is between 0 Hz to 250 MHz, 
and it is precisely in this band where the electromagnetic 
spectrum also has more energy because it contains the 
Citizen Band at 27 MHz and FM radio frequencies ranging 
from 88 to 108 MHz. Figure 9 represents the 
electromagnetic spectrum measured by the monopole 
antenna outside the tank without PD activity. Radio, TV 
broadcast, GSM at 900 and 1800 MHz and Wi-Fi are 
clearly observed. Notice, however, that the peak power 
occurs for FM radio and is below 10-7 V2; thus, there is a 
good signal-to-noise ratio for the PD signals acquired with 
the antenna outside the tank.  
Figures 10 and 11 show 7 sets of 1000 signals captured 
by the antenna inside and outside the tank, respectively. The 
applied voltages varied from 4500 V to 5800 V, and the sets 
of signals were acquired on different days, following the 
same procedures to ensure the repeatability of the results. 
These additional experiments confirm the behavior shown 
in Figures 5 and 7 coinciding even in the order of 
magnitude of the highest average power band attenuation 
(around 100 times lower). 
3.2 EXTERNAL DISCHARGES 
The second set of measurements simulates the effect of 
surface discharges in the transformer bushings, which is 
why test object B is placed on the tank. The aim of this 
experiment is to analyze the incidence of surface discharges 
on an antenna placed outside the tank and to determine if 
they can obliterate the radiation of the PD occurring inside 
the tank. Figure 12 shows an example of the surface PD 
pulses measured with the HFCT and the antennas in test 
object B. Again, the tank behaves as a resonant cavity and 
PD signals measured inside it have more amplitude than 
those measured with the antenna outside 
The procedure is the same as that described before; high 
voltage at 5600 V is applied to the test object B until PD 
appears. A waiting time of no less than 10 minutes was 
allowed to elapse until the activity is constant; then, the 
acquisition can begin. Figure 13 shows the power per 250 
MHz band for a set of 1000 surface signals acquired with 
the antenna outside the tank. Notice that the power in the 0-
250 MHz band shows orders of magnitude similar to those 
measured in the case of the PD in oil acquired with the 
antenna outside. This suggests that, when measuring outside 
the tank, outer discharges spectra are similar to those of the 
internal discharges in oil, and they can only be distinguished 
through further study. The averaged power spectrum has 
Figure 12. Surface pulses in test object B. The upper signal is the pulse 
measured with the HFCT (200 mV/div). The middle signal is measured 
with the antenna inside the tank (5 mV/div), and the lower signal is 
measured with the antenna outside the tank (5 mV/div). 
Figure 13. Power per 250 MHz frequency band for 1000 surface signals 
from the antenna outside the tank and average power in those bands for test 
object B. 
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Figure 14. Averaged power spectrum for 1000 signals in test object A at 
5800 V obtained with the antenna outside the tank. 
Figure 15. Averaged power spectrum for 1000 signals in test object B at 
5600 V obtained with the antenna outside the tank. 
been calculated for two sets of measurements that were 
performed. The first set consists of 1000 partial-discharge 
pulses measured with the antenna outside the tank when test 
object A has a voltage of 5800 V. Figure 14 shows the 
averaged power spectrum limited to 500 MHz. The second 
set consists of 1000 surface discharges measured with the 
same antenna when test object B is at 5600 V; a 
magnification of the spectra up to 500 MHz is shown in 
Figure 15. Notice that there is a clear difference between the 
two power spectra; in the case of surface discharges in test 
object B, the spectrum is clear and the power is 
concentrated in the FM-radio band, which is not particularly 
interesting, and below 50 MHz, which is actually due to the 
power of the surface discharges. In the spectrum of the 
internal PD measured outside the tank, it is also easy to 
observe the FM-radio band, and a set of frequencies ranging 
from 150 MHz to 400 MHz that does not exist in the case 
of surface discharges. Below 50 MHz, the differences are 
also clear, providing the opportunity to distinguish between 
the two types of pulses. 
4 DISCUSSION 
Signals inside the tank have spectral components 
with high power approximately in the band from 1.25 
GHz to 2 GHz as seen in Figures 4, 5 and 6. This 
broad band of frequencies is no longer 
appreciable when the measurements are taken without 
the lid of the tank, so it is easy to infer that they are due 
to internal reflections. Then, signals acquired with the 
antenna inside the tank have spectral power in all the 
measured spectra up to 2.5 GHz but, due to the 
resonances, the power is concentrated from 1.25 GHz to 2 
GHz. When the PD are measured outside the tank, the 
power in all bands is reduced being this more 
noticeable in that band because the tank is a resonant 
chamber and do not allow the leakage of those frequencies. 
To explain this behavior, the paths followed by the 
PD emission have to be studied. Figure 16 shows the paths 
with 
only one reflection because, as a first approximation, we 
have considered that the losses due to two reflections would 
deplete the power of the signal. The Figure 16 shows the 
direct emission from the PD source to the internal antenna, 
the reflection on the lid and the reflections on two walls of 
the tank. The direct emission travels for 30 cm while the 
reflections have to travel longer distances, from 
approximately 43 cm in the case of reflections on the lid 
and the closest wall to 51 cm in the case of the reflection on 
the furthest wall. This leads to differences in traveled 
lengths from 13 cm to 21 cm. Assuming that the 
transmission medium is air, the differences in times of 
arrival for the electromagnetic wave would be 0.43 ns and 
0.7 ns, respectively. These times correspond to sinuses with 
frequencies from 1.4 GHz to 2.3 GHz, so a single frequency 
emission between these frequencies will amount to a 
constructive interference, doubling the signal received by 
the antenna. The dispersion throughout this band is 
explained by the fact that the reflections will not follow 
exactly these paths because the walls show certain 
roughness, the PD can occur in different sites inside the test 
object, there can be reflections in the electrodes before 
exiting the test object, etc. that can lead to different lengths 
in the paths and different constructive interferences. 
Besides, PD pulses have wideband spectra and emit in 
many wavelengths that would amount to the dispersion in 
the band. Additionally, the contrary effect will also occur 
and there will be destructive interferences in the band from 
700 MHz and 1.15 GHz at half the frequencies in the 
constructive interferences. 
It is clear from these results that the tank geometry and 
the location of the PD source and antenna are critical and 
will lead to signal amplification or cancellation at different 
frequencies than those shown here. Moreover, real power 
transformers will have a magnetic circuit and oil or 
impregnated paper as transmission medium that would 
increase the time delays reducing the frequency range 
affected from resonance. In any case, this study 
demonstrates that this resonance phenomenon must be 
taken into account when detecting PD levels by means of 
antennas inserted through valves inside power transformers. 
Figure 16. PD reflections in the tank. 
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5 CONCLUSION 
In this paper, PD generated inside a transformer tank 
have been analyzed using UHF measurements made inside 
and outside this metallic barrier. It is clear from these 
results that the steel walls of power transformers lead to the 
attenuation of the amplitudes of internal PD signals. 
Resonances at frequencies that strongly depend on the 
geometry of the tank are found in the measurements done 
inside. These frequencies do not appear outside the tank due 
to the fact that it behaves as a resonant chamber in that 
band. Then, signals measured outside the tank have their 
spectra biased towards lower frequency ranges. In addition, 
internal oil-paper PD have been shown to exhibit different 
spectra for frequencies under approximately 500 MHz than 
external discharges when measured using external antennas. 
These results provide useful hints to identify external PD 
sources in substations that may otherwise be identified as 
internal PD, leading to inaccurate condition assessment of 
the oil-paper insulation systems. 
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